This document is made available in accordance with publisher policies. Please cite only the published version using the reference above. We studied two adjacent, enclosed populations of Rothschild's giraffes in Kenya, and used 591 17 records of groups to determine the relative influence of a series of variables on group size. One 18 population was free from any risk of predation, while the other area contained a high density of 19 lions. Mean group size was smaller in the population with lions, but a series of GLMMs accounting 20 for habitat and age/sex class of individuals showed that the presence of high numbers of juveniles in 21 the area free from lions artificially inflated group sizes. Removing juveniles from the analysis showed 22 that contrary to the existing creche hypothesis, adult females were found in smaller groups when 23 they had calves. We found no evidence that predation risk influenced grouping behaviour. Rather, 24 recruitment and habitat type had a stronger influence on group sizes, but the results were complex 25 and varied between different age and sex classes of individual. We conclude that predation is not an 26 important driver of giraffe grouping, and that further research is necessary to understand the 27 complex behaviour and ecology of this prominent yet understudied species. 28 29 30
Introduction 34
Temporal and spatial variation in animal groups arises as individuals balance the costs and benefits 35 of group living to maximise fitness (Rodman, 1981 ; Krause & Ruxton, 2002; Thaker et al., 2010) . By 36 living in groups animals gain protection from predators, knowledge about the location of resources 37 and access to mating opportunities, although these benefits must be traded off against costs such as 38 increased competition for resources, aggression and risk of disease (Hamilton, 1964; Pulliam, 1973 behavioural and group-level plasticity enables fission-fusion species to respond rapidly to changes in 44 local conditions, and achieve an optimal balance between the costs and benefits of grouping (Aureli 45 et al., 2008) . 46 Protection from predators is one of the most frequently cited benefits of grouping, and predation 47
Records of group size were used in a one-way ANOVA to assess differences in mean group size, and 130 in a Generalized Linear Mixed Model (GLMM) to determine which factors (population, age/sex class, 131 habitat type, individual ID) affected group size across the two study populations. Population, age/sex 132 class and habitat type were set as fixed effects. We accounted for the fact that individual giraffes 133 could be seen in different groups by including 'giraffe (individual ID)' and 'group' as random effects 134 to control for the non-independence of the group data. Since the group size distribution for each 135 population was positively skewed (Fig. 2) we used a GLMM with a negative binomial error structure, 136 which is appropriate for count data that are over-dispersed (Ridout et al., 1998; Gschlößl & Czado, 137 2008; Lindén & Mäntyniemi, 2011) . The outcome of the GLMM was the group size in which an 138 individual was found for a particular observation. Since individuals were observed repeatedly in 139 different groups, individual was included as a random effect. An additional random effect for group 140 was included since individuals within are not independent. All analyses were carried out in R 3.4.3 141 using the lme4 and gamlss.mx packages (R Development Core Team, 2013; Bates et al., 2014) . 142
143

Results
144
There were 77 giraffes in SC (7 big bulls, 6 male adults, 12 male subadults, 16 female adults, 10 145 female subadults and 26 juveniles) and 89 giraffes in LNNP (11 big bulls, 19 male adults, 10 male 146 subadults, 40 female adults, 4 female subadults and 5 juveniles); see Muller (2018) for discussion. 147
We collected 591 records of group size: 298 groups in SC, 293 in LNNP. Group sizes were larger in SC 148 (mean = 7.8, SD = 7.2, 95% CI 6.7, 9.1, min = 1, max = 37) than LNNP (mean = 5.3, SD = 5.5, 95% CI 149 4.7, 5.9, min = 1, max = 28). Lone individuals were common and accounted for 17.5% of all giraffe 150 groups in SC and 24.7% in LNNP. Of these lone individuals, 84.9% and 76.6% were males in SC and 151 A GLMM with population, habitat type and age/sex class as fixed effects and giraffe (individual ID) 159 and group as random effects showed that the age/sex * habitat type * population interaction was 160 significant (LRT chi-squared = 33.10, df = 20, p = 0.0329) (Fig. 3) . We investigated the source of the 161 interaction by analysing the effects of habitat type and population for each age/sex category 162 separately ( For bulls, adult females and juveniles (but not adult males), group sizes were higher in SC than LNNP. 167
For subadult males and subadult females there were significant Habitat * Population interactions. 168
For subadult males, this was because group sizes were higher in SC than LNNP only for Acacia 169 woodland; mixed woodland showed a non-significant trend in the same direction (p = 0.0712). For 170 subadult females the pattern was more complex; groups sizes were significantly higher in SC than 171 LNNP in Acacia woodland, but the reverse was true for mixed woodland. 172
173
Analysis without juveniles 174
To remove the artefacts of the presence of more juveniles per se, most notably in SC, driving up 175 group size, we repeated the GLMM without including juveniles in the counts. The AgeSex * Habitat * 176
Population interaction was significant (LRT = 31.66, d.f. = 16, p = 0.0111; Fig. 4 ), so we investigated 177 the source of the interaction by analysing the effects of habitat type and population for each age/sexcategory separately (Table 3) . For adult males, bulls and adult females, there was no significant 179 Habitat * Population interaction, so we can readily interpret the main effects. Group sizes tend to be 180 highest in open plain (significantly higher than mixed woodland for all three of these age/sex 181 categories), with Acacia woodland intermediate. For bulls, but not adult males or females, group 182 sizes were higher in SC than LNNP. For subadult males and females there were significant Habitat * 183
Population interactions. For subadult males, this was because group sizes were higher in SC than 184 LNNP only for Acacia woodland. For subadult females, the pattern was more complex; group sizes 185 were significantly higher in SC than LNNP in Acacia woodland, but the reverse was true for mixed 186 woodland. Mean group sizes are displayed in Fig. 4 . 187
188
Analysis of groups sizes in females with and without calves 189 190
To determine whether groups were bigger in SC due to the presence of more juveniles pushing up 191 mean group size, or if females were altering their behaviour because they had calves, we analysed 192 group sizes in females with and without calves. We refer to a female's status as having dependent accounted for habitat type, individual covariates and population, showed that the relationship 221 between these variables and group size was complex. 222
To account for the effects of juveniles pushing up group sizes in SC, re-analysis after removal of 223 juveniles confirmed that there was a significant influence of age/sex on group size. We found 224 significant interactions between age/sex, habitat and population, but these patterns were also 225 complex. Group sizes for males (adult males, subadult males and bulls; (Fig. 4) . Our hypothesis that group sizes will be larger in the area with a high risk of 228 predation was not supported, and our results highlight the complexity of factors contributing to 229 group size in giraffes. 230
The hypothesis that females form larger groups when they have calves was not supported, and the 231 opposite was true; females were found in smaller groups when they had calves. We found no 232 evidence that increased mean group size in SC was due to females altering their behaviour to group 233 with others when they had calves. Because the calves are counted as group members it seems most 234 likely that the increased group size is solely because there are more calves, not because the females 235 are joining together with other females to form creches. Although calves are typically found with 236 their mothers, it appears unlikely that they contribute to their mother's decision to join or leave a 237 group. Therefore, group sizes are not constrained by demography -rather, adults maintain their 238 If giraffes gain predation protection benefits through grouping, then we would expect the group 246 sizes to be larger in LNNP across all habitat types. However we found no evidence for this, and our 247 results support previous studies which also reported smaller group sizes in the presence of predators 248 (Creel et al., 2014) , and that the rate of vigilance scanning in giraffes is not modified by changes in 249 group size (Cameron & du Toit, 2005) . 250
Our study is the first to examine two separate populations of giraffes within the same biome to 251 attempt to understand the relative combined effects of predation, habitat and demographic factors 252 on grouping behaviour. We demonstrate that the presence of juveniles can artificially inflate group 253 size results, and we suggest caution of over-interpretation of studies which do not account for this. 254
We suggest that predator avoidance is not the main driver of giraffe grouping behaviour, but rather 255 that social and habitat factors are likely to play an important role. We identify that removal of 256 juveniles is potentially a problem in enclosed environments with high lion densities, which alters the 257 greater social landscape for affected animal species. However, poor recruitment could also be due to 258 other factors which cannot be ruled out, i.e. disturbance of foraging or reproductive activities by 259 tourism, in-breeding factors, local environmental factors including food quality and availability, or 260 differences in female fecundity, sexual receptivity, or harassment by bulls. The incongruous nature 261 of group sizes of giraffes across Africa could be due to individuals adapting to local environmental 262 conditions, but it is becoming clear that social factors are also important influencing variables. 263
Variations could also be due to unknown taxonomic differences, given the uncertainty and ongoing 264 debate over the taxonomic status of giraffes ( Brown et 
